A system of vertical drains combined with vacuum preloading is an effective method for promoting radial flow to accelerate soil consolidation. This study presents the analytical modeling of a consolidation of vertical drains incorporating vacuum preloading considering both vertical and horizontal drainage. The effects of a number of dimensionless parameters involving the drain length, soil permeability and vacuum pressure are examined through average excess pore pressure, degree of consolidation, associated settlement and time factor analyses. An analysis of selected case histories compliments the use of the proposed solutions. Design charts are also presented for practical use.
Introduction
Vacuum preloading method was first introduced by Kjellman (1952) to improve the strength of soft soil. An increase in the effective stress in a soil mass for this method is attributed to applying a vacuum pressure in lieu of a conventional surcharge (Qian et al. 1992) . This system has been used to achieve a rapid consolidation and reduce the height of surchage fill by vacuum pressure acting as an additional surcharge load. The advantages of vacuum preloading in comparison with conventional preloading can be summarised as follows: (a) The effective stress related to suction pressure increases equiaxially, and the corresponding lateral movement is compressive. Consequently, the risk of shear failure can be minimised even at a higher rate of embankment construction (Qian et al. 1992 ).
(b) Depending on the vacuum efficiency (e.g., extent of air leaks in the field), the height of surcharge fill can be decreased to achieve the same amount of settlement.
(c) At any given time, the maximum excess pore pressure prevailing under a vacuum preloading system is less than a conventional surcharge.
(d) With a vacuum pressure applied through prefabricated vertical drains, the risk of unsaturation at the soil-drain interface due to mandrel withdrawal may be reduced (Indraratna et al. 2004 ).
Prefabricated vertical drains (PVDs) can affect the distribution of vacuum pressure to deep subsoil layers and thereby increase the consolidation rate (Holtan 1965 . The effectiveness of vacuum consolidation via PVDs for ground improvement has been verified through various field trials (Choa 1989; Shinsha et al. 1991; Indraratna et al. 2004 ). In the case of hydraulic fill used in land reclamation projects where the height of surcharge is restricted due to the low shear strength of soft soil, vacuum-assisted consolidation is an ideal method for ground improvement (Yan and Chu, 2003; Song and Kim, 2004) . However, the effectiveness of this system depends on: (a) the integrity (airtightness) of the membrane, (b) the effectiveness of the seal between the edges of the membrane and the ground surface, and (c) soil conditions and the location of ground water level (Cognon et al. 1994 ).
The theory of radial drainage and consolidation was initially presented by Carrillo (1942) and Barron (1948) . Subsequently, Yoshikini and Nakanodo (1974) proposed a rigorous solution that included well resistance. Hansbo (1981) and Onoue (1988) extended these solutions to take the smear effect into account. In terms of vacuum preloading, a rigorous solution for vertical consolidation was proposed by Mohamedelhassan and Shang (2002) , whereas a solution for radial consolidation was introduced by Indraratna et al. (2005) . However, to the authors' knowledge, no comprehensive solution to vacuum-assisted consolidation with both vertical and horizontal drainage including the smear effect and well resistance is available in the literature.
In this paper, the authors present mathematical solutions to the above problem.
The effects of the length of vertical drain, anisotropic soil permeability, and vacuum pressure are considered, and a reduction in consolidation time through vacuum preloading is compared to other available methods. Design charts eliminating cumbersome iteration procedures are then developed using the equivalent drain diameter as an independent variable to obtain the relevant drain spacing.
Basic equations and solutions
To obtain the governing equation for the consolidation of soil with vertical drains, it is assumed that: The schematic representation of the problem under consideration where a vertical drain is surrounded by a smear zone is shown in Fig. 1 . The basic partial differential equation for excess pore water pressure by vertical and radial drainage is (Barron 1948 ): : impervious boundary at the bottom of soil layer; and
: initial excess pore pressure due to surcharge load.
In the above expressions, e r = radius of the soil cylinder dewatered by a drain, 0 p = applied vacuum pressure at the top soil surface and along the drain, l = the soil thickness which equals the length of vertical drains, 0 u = initial excess pore pressure and w r = the equivalent radius of the drain, where 4 / ) ( b a r w + = , a and b are the width and thickness of PVD, respectively (Rixner et al. 1986 ).
Based on the method of separation of variables (Kreyszig 1999) , it is appropriate to assume that, Equation (7) is more general than that introduced by Carrillo (1942) as Equation (7) can be used for both surcharge and vacuum preloading applied simultaneously.
From Equation (7), the average excess pore pressure in the unit cell at a given time t is defined as: Then substituting Equation (7) into Equation (1) The problem has now been reduced into two problems for h u and v u . In summary,
Equations (3)- (6), (11) and (12) define radial consolidation problem, whereas, Equations (2), (5), (6), (10) and (13) define vertical consolidation problem.
For radial consolidation analysis, the assumptions, the boundary conditions, and the initial conditions are similar to the solution proposed earlier by Indraratna et al. (2005) . Based on the governing Equation (12), the boundary conditions (Equations 3-5) and the initial condition (Equation 6), the average excess pore pressure ratio (
in the radial direction at a given time t is:
[14a] (Hansbo 1981; Indraratna and Redana 1998; Bo et al. 2000) . The value of s h k k typically falls in the range of 1-8, whereas the value of v k remains more or less constant in both smear and undisturbed zones (Hansbo 1981; Indraratna and Redana 1998; Saye 2003) . It can be seen that in Equation (14b), there are many factors controlling well resistance such as the discharge length ( l ), the drain discharge capacity ( w q ), and the soil permeability
In practice, the effect of well resistance can be neglected because modern PVDs usually provide a more than adequate w q . Holtz et al. (1988) (14) and (15) into Equation (8) where, the relevant dimensionless parameters are given by:
The advantage of the proposed Equations (16a) and (16b) is that the excess pore pressure both positive (due to surcharge load) and negative(due to vacuum pressure can be obtained simulteneuosly.
The overall average degree of consolidation with time ( t U ) can now be evaluated conveniently by:
Substituting Equation (16) into Equation (17) Equation (18) shows that the total degree of consolidation at any vacuum condition ( 0 p ) is uniquely related to the time factor ( h T ), vertical drain system configuration and soil anisotropic permeability ( µ , L and vh c ).
Once t U is known, As suggested by Chai et al. (2005) , the associated settlement at a given time ( t ) is then evaluated by the following conventional equation:
If the vacuum pressure is larger than the stress required to maintain a k 0 condition of soil, for isotropic consolidation can be calculated by:
where, µ is the Poisson's ratio of the soil skeleton
In the case of no lateral strain, =1.
For a soil thickness of l (= drain length), c = total primary consolidation settlement, is given by:
m is the average value corresponding to an effective stress
, where i ' is the initial effective stress.
Influence of vh c , L and vacuum pressure ratio
In this section, the effects of vh c , L and vacuum pressure ratio (VPR) are discussed.
Relavent parameters used in the analysis are given in Table 1 . ). In addition, preloading using surcharge fill cannot be applied in this area because the top soil layer has a very low shear strength. Therefore, vacuum preloading was considered to be the most appropriate method. PVDs 18.5m long were installed in a square pattern at a spacing of 1.5m. Subsequently, a perforated pipe system for water collection was were applied in the analysis (Saye, 2003) . It can be seen that the prediction of the total degree of consolidation using an average value of /day) m 05 . 0 ( 2 h c slightly underestimates the field measurements (Fig. 5a ). The observed pore pressure reductions at 0.75m away from centreline and at 12m depth also match reasonbly well for average value of /day m 05 . 0 2 = h c (Fig. 5b ).
An oil storage station, Tainjin, China
An oil storage station, constructed in 1996, is located near the coast of Tainjin, China . At this site, the top 6m clay layer was reclaimed from soft clay with a very high water content taken from seabed. Underneath the soft clay layer, a marine clay deposit is found at a depth of 6-20m, underlain by a stiff sandy silt layer.
The undrained shear strength of the soils was low ( in the analysis. The settlement prediction using an average value of h c slightly underestimates the field measurements (Fig. 6a) , and the prediction of average pore pressure reduction compares well with the measured data points at 0.5m away from the centreline (Fig. 6b) . This implies that the proposed solution is acceptable for predicting vacuum assisted preloading as long as the soil properties are accurately known.
Design charts
In practice, most design charts for vertical drains employ dimensionless horizontal time factor -consolidation curves (T h vs. U h ) to obtain the drain spacing (S) as a function of n (Barron 1948) . Usually, a number of iterations have to be performed to obtain required parameters such as n (Hartlen and Wolski 1996, Bo et al. 2003) .As the availability of the size of PVDs is limited by the manufacturer, the appropriate design charts should be re-established using the equivalent drain diameter (d w ) as a known variable in order to determine the drain spacing (d e or S).
Rearranging Equation (18) (24) and (25) for a given % . It shows that in lieu of Equation (24), the proposed Equation (25) can be incorporated in the development of a convenient design procedure. The relationships of %, and & based on Equations (25b) and (25c) are plotted in Fig. 10 . Once is determined from Equation (20), n can be calculated based on Equation (25) via Fig. 10 , or alternatively using Equations (25b) and (25c).
When n is determined and the equivalent drain diameter, d w is already known, the diameter of the influence zone d e , can be determined by d e = nd w . Subsequently, when the drain pattern is chosen, the drain spacing, S can be obtained by knowing the diameter of the influence zone d e
Summary of the Design Steps:
1. In-situ and soil laboratory testing to obtain the compressible soil properties.
Determine the depth of installation (l), and the time (t) required for the consolidation process;
2. Determine the required degree of consolidation U t for surcharge only;
3. In the case of a vacuum application, determine the vacuum pressure 0 p , and then determine the new required degree of consolidation to obtain the same
4. Based on the value of c v , t and l, determine u* using Equation (21) 8. Determine the diameter and permeability of the smear zone based on the vertical drain installation procedure, the size of mandrel and the type of soil; 9. Calculate % by Equation (24b) or Fig. 89; 10. Determine n from % using Equation (25) 
Conclusions
A system of vertical drains combined with vacuum preloading is an effective method for accelerating soil consolidation. In this study, an analytical model for consolidation for both vertical and radial drainage incorporating vacuum preloading as well as smear and well resistance was developed. 
